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Highlights 
 
A new method to valorise recycled concrete aggregates with high quality. 
Gravity concentration and sensor-based sorting to treat construction and demolition waste. 
Mineral processing techniques applied to recycled and demolition waste. 
 
 
Abstract 
 
The purpose of this paper is to propose a sorting platform to increase the quality of recycled 
aggregates through the supplementary use of mineral processing techniques and additional 
sorting. The difficulty of liberation is discussed, and the methodology currently used in 
mineral processing is proposed. Jigs, hydrocyclones and sensor-based sorting are considered 
to have good performance in the sorting of adequately recycled aggregates.  
The new perspectives on sorting and liberation for recycling aggregates are discussed. The 
new process is presented based on the current process in recycling platforms, with 
supplementary sorting of the recycled concrete. The gain in density and the reduction in water 
absorption are studied. The relation between the wat r content and the density of aggregates is 
analysed for three quality levels of recycled aggreat s.  
The gain in density and the reduction in water absorption were linked to the aggregate 
replacement rates. The reduction in transport and discharge costs due to the increased 
aggregate quality was linked to the aggregate replac ment rate and distance to quarry. In our 
study, replacing a lower-quality aggregate with another of medium quality leads to an 
expected density gain of approximately 4%. Conversely, if replaced by superior quality 
aggregate, the expected gain will be 8.4%. As a consequence, a 34% reduction in water 
absorption could also be obtained.  
The cost reduction is exponential with the substitution rate of recycled materials. There is a 
decrease in transport costs if the quality of recycled aggregates increases. Conversely, if the 
reduction in transport costs when the quality of recycled aggregates increases is considered, 
the distance between the demolition site and quarry is not important. 
 
 
Keywords: recycling platform, recycled concrete, sorting methodology 
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1. Introduction 
The construction industry is a major solid waste generator worldwide (Ulsen, 2013). 
Construction and Demolition Waste (CDW) is generated through the construction, renovation, 
and demolition processes for residential or commercial buildings, roads, bridges, etc. The 
CDW material usually is not (re)used and becomes an important environmental problem 
(Raoa et al., 2007). CDW material can be stocked in landfills, and the inert part is 
traditionally disposed of in roads, dams, etc.  
The reuse of a portion of these inert wastes from cnstruction materials has been extensively 
studied, especially the reuse of Recycled Concrete Aggregate (RCA) in new concrete mix 
design. Muigai (2013) has studied the RCA in a life-cycle study of concrete structures. The 
main hindrance to the use of recycled aggregates for structural applications is the high 
investment cost in recycling. Additionally, there is a lack of regulatory requirements on 
concrete recycling. Mulder (2006) described the closed cycle construction concept. In this 
case, the processed materials can be reused at their original quality level and the quantity of 
waste to be disposed is minimised. This means that after demolition, concrete, masonry and 
mixed stony rubble are separated and treated individually. However, these treatments often 
use thermal processes. Tam (2006) described the clos d cycle construction as having a higher 
environmental value than recycling. Landfilling and incineration have high environmental 
impacts, while recycling and reuse are considered to have low environmental impacts. In this 
vision, according to Tam (2006), many strategies ar possible, as is it necessary to implement 
innovative demolition methods: setting up the recycling plant close to the site; setting up 
mobile installations; providing greater flexibility in receiving concrete waste at the recycling 
plant; and establishing laws and incentives for recycling development. According to Shepper 
(2014), the environmental impact of the concrete mixtures regarding the other impact 
categories is mainly related to their cement and fly ash content and the required 
transportation.  
To facilitate recycling, automatic optical sorting was developed in the mining industry to 
process different ores. Gülsoy et al. (2012) studied optical sorting with CCD cameras in coal 
beneficiation. The technique was used to improve coal beneficiation for coals with high 
proportions of near-gravity materials. Optical sorting was tested with positive results for 
materials having significant colour differences. Ergün et al. (2012) used optical sorting to treat 
iron and chromium ores. For iron ores, samples were tak n from a magnetite processing plant. 
The purpose of the study was to concentrate hematite that was mixed with silicates. Optical 
sorting depends of many factors, such as particle sz , urface conditions, light source, and 
feed rate.  
Dehler et al. (2012) conducted two tests with borate treatments, using near-infrared sorting. 
The sorting sensors in that study were CCD cameras, which have opened new sorting 
possibilities in the mining industry. The differenc between samples was based on the 
wavelength of the spectral response.  
On the other hand, as liberation is a condition for a good separation, Ulsen (2013) has 
investigated mineral separability. CDW was crushed into fine aggregates and tested through 
density and magnetic separations. The separability studies were performed at laboratory scale, 
indicating that both density and magnetic separation were effective at reducing the content of 
cement paste and residual red ceramic particles becaus  the cement paste and natural 
aggregates have a proper degree of liberation. The removal of cement paste and other porous 
phases is important for improving the quality of the recycled sand and enlarging the market 
for recycled aggregates. Liberation was also investigated by Lippiatt (2012) using 
microwaves, and overall test results show that concrete particles are severely damaged by 
exposure to microwaves.  
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For Brazilian recycled concrete, Angulo (2010) has investigated how the classification of 
CDW (coarse aggregates), taking porosity into account, has affected the mechanical 
performance of concrete. The properties of recycled aggregate produced from mixed CDW 
(masonry and concrete) are highly variable, and this restricts the use of such aggregate in 
structural concrete production. The substitution of 100% coarse natural aggregate with the 
same volume of recycled aggregate tends to increase the amount of cement used for any given 
strength. The use of gravity separation by industrial density separators, such as jigs and heavy 
media, may lead to the production of high-quality recycled coarse aggregates from mixed 
CDW sources.  
In urban and metropolitan areas, the building materi ls ecycling industry has used stationary 
plants to process concrete and masonry demolition waste. Relatively pure, high-quality 
granules are produced with recycling requirements. Considering the environmental context, 
the aim of this paper is to make CDW more attractive with sorting systems. These systems 
can produce different flows with more homogeneous compositions and meet a specific reuse 
or recycling need. The processes detailed in this study are based on the use of gravity 
concentration and sensor-based sorting, which is known to be a less-polluting, energy-
efficient and cheaper alternative among mineral processing techniques. Therefore, increasing 
liberation is not a principal aim; the aim is only to obtain a precise classification using gravity 
concentration and automatic sorting. 
2. Mineral Processing Applied to CDW 
2.1 Difficulty of liberation: use of mineral processing techniques with recycled concrete 
Several studies on recycled concrete have been published in recent years (Gomez-Soberon, 
2002; Oikonomou, 2005; Akbarnezhad, 2010; Marie et al., 2012). Recycled concrete is 
produced by reducing the size of concrete debris though multiple crushing stages. According 
to Akbarnezhad (2010), depending on the size, the crushed concrete particles can present 
middling, which contains particles of natural aggregates mixed with mortars (Figure 1). 
 
Figure 1 – Pictures of recycled aggregates (6-10 mm) taken from materials used by the Recybéton national 
project in France 
 
After comminution, a mineral can be totally or partially liberated. The particles' liberation 
depends on their mineralogical origin, the quality of the concrete, the angularity of the 
original aggregates, the comminution process, size,and other factors. To increase liberation, a 
preparation circuit should be used to allow more int nsive use of the recycled materials. More 
particles can be liberated with the beneficiation of recycled concrete material. In this sense, 
the use of innovative separation techniques in quarries, such as sensor-based sorting and/or 
gravity concentration, will increase the quality of the products generated, as well as the price 
for which they can be sold. These techniques, which are common in the mining industry, 
could ensure more efficient sorting in quarries.  
Gravity concentration is defined as the process whereby particles of different sizes, shapes 
and densities are separated from each other by gravity or by centrifugal force. It is called 
gravity concentration because the separation is performed mainly based on density (specific 
gravity) (Sampaio, 2005). Gravity concentration processes have high mass throughput and 
low investment and operational costs. Moreover, there is no limit on the maximum particle 
size and the process can be used for particles with wide size ranges. Furthermore, reagents are 
not used, which contributes significantly to the low perational costs as well as to the low 
environmental impacts. 
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Jigging is a separation process which consists of repeated expansion (dilatation) and 
contraction (compression) of a vertical bed of particles through a pulsating movement of 
water or air (Agricola, 1950; Lyman, 1992). The result is the stratification of the bed. The 
particles are deposited in layers of increasing density from top to bottom. Jigs were and still 
are widely used, mainly due to their costs. They have low operating costs, are robust, have 
high capacity, are easy to operate and can treat ors with a wide particle size range. They are 
also capable of working with large fluctuations in ore contents, feed rates and solids amounts. 
For this reason, they are widely used in the treatmn  of alluvial ores.  
A Water-Only Cyclone (WOC) is a hydrocyclone in whic  density is the major separation 
property. The shape of the hydrocyclone was changed to improve the influence of particle 
density and to diminish the influence of particle size and shape (O'Brien, 1976) (Weyher, 
1969). There are several different industry names for WOC, such as wide-angle cyclone, 
circulating-bed-concentrator (CBC), and autogenous hydrocyclone. 
The use of optical sorting devices is increasing each year in the mining industry (Nienhauss et 
al., 2014) (Raulf et al., 2012). There are several re sons for the ever-increasing use of this 
type of sorting, such as the ability to automate the sorting process, the possibility of separation 
(quantity and accuracy), and the addition of economic value to the final products compared to 
the traditional separation process. In recycling, Angulo (2013) performed experiments on 
optical separation of bricks from CDW in Brazil. The main difficulty faced was the non-
homogenous Brazilian waste. Angulo identified significant variations in waste characteristics 
such as density and water absorption. The origin of these fluctuations, for example, the 
fluctuations in porosity, is due to red tiles, bricks and mortars. Density and water absorption 
are related to the porosity. The higher the water absorption, the higher the porosity. That is the 
main problem with mixed particles in aggregates; porosity has an important impact on the 
quality of concrete. 
2.2 New perspectives on sorting and liberation for recycling aggregates 
Despite techniques for sensor-based sorting and for gravity concentration processes, which 
are widely used in material recycling and in ore trea ment (Sampaio, 2005; Wills, 2006), the 
choice of concentration equipment to be installed dpends on the physical properties of the 
material to be beneficiated and the desired cut precision. Therefore, an extensive 
characterization before the mineral processing is indispensable. The main characteristics to be 
studied are porosity, water absorption and density distribution because these are associated 
with liberation. Many different separation or concetration techniques may be used, alone or 
in combination with others. Gravity concentration processes, for example, jigs and cyclones, 
have many positive characteristics, suggesting that they can be used to treat CDW.  
2.2.1 Current advanced process with CDW 
According to Kohler (1998), recycled materials produced from road demolition and CDW 
have mainly been re-used in low-quality applications, such as in road construction and in civil 
engineering projects. The re-use depends on environmental laws, which are different in each 
country, and on the responsibility of the producer. Specifically, the building materials 
recycling industry uses stationary plants to process concrete and masonry demolition waste. 
Relatively pure, high-quality granules should be produced to meet the recycling requirements. 
These requirements can be better met through systematic planning, adequate logistics, 
separate storage on the recycling site and the use of high-quality processing units.  
Many studies show that RCA with different replacement rates provides quality concrete. The 
recent standard provides for the possibility of introducing recycled aggregates in structural 
concrete, with a limited substitution rate. In quarries, the material can be processed in stages: 
a first stage of sorting by many techniques, such as m nual sorting and/or screening; and a 
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second stage where sensor-based sorting and/or a gravity concentration is used. Additionally, 
the sand fraction has a relative importance in this context. If quarries produce a significant 
amount of fine particles, then recycling plants need to produce all sizes of fractions from 
recycled aggregates, including sands. 
In modern recycling plants, ferrous scrap is pre-sieved and segregated using overhead 
magnetic separators. The use of picking belts enabls separation of large disturbing 
substances before material with a particle size of > 45 mm is transformed into granules, 
mainly by impact crushers. After repeated segregation of separated ferrous scrap, there is a 
fractional sieving and separation of light substances using air classifiers. This technique 
allows for better production selected, similarly sized fraction granule mixtures. Products 
processed in this way are of high quality and can be used as recycling materials. This quality 
can be guaranteed by systematic quality monitoring a d more intensive sampling and testing 
of the material characteristics (including environmental properties) than is the case for natural 
mineral substances (Figure 2). In France, this material is currently used on roads and 
terracing. It is rarely used on concrete structures. The aggregates for these applications are 
generally obtained from pre-screened sources (specific demolition sites which produce a large 
amount of non-contaminated concrete). 
 
 
 
Figure 2 – Current advanced process in recycling platforms (Coelho A., et al., 2013, adapted) 
 
2.2.2 Process with supplementary sorting of the recycled concrete (first improved process) 
In an attempt to increase the recycling rate of concrete formulations, the use of high-quality 
recycled aggregates for off-site or on-site recycling is suggested (Figure 3). In this stage of 
recycling, gravity concentration by jigs and sensor-based sorting is used to separate different 
particles (2/20 mm), such as bricks, tiles, gypsum and glass, which were previously mixed 
together. The aim is to obtain high-quality particles and more liberated particles. These 
particles have similar colours and could not be separated by conventional optical sorting by 
colour. Impurities here are can represent approximately 14% of the total waste, according to 
Coelho (2013) and Ulsen (2013). Quality is evaluated using water absorption, density, Micro-
Deval or Los Angeles tests. Previous tests were carried out by Cazacliu (Cazacliu et al, 2013). 
These recycled aggregates, before concentrating, still contain a significant amount of adhered 
mortar. First, the jig will treat the coarser particles of recycled aggregates in two different 
density fractions. The fraction with density > 2.1 g/cm3, which represents 90% of the 
aggregates, according to Sampaio (Sampaio, 2005), is sent to an optical sorter to generate a 
concentrate called Recycled Concrete Aggregate (RCA2). The impurities from sensor-based 
sorting, which represent at least 11% of the aggregate, based on jig efficiency, and the 
fraction with density < 2.1 g/cm3 after the jig are called Light Recycled Aggregate of lower 
quality; both fractions are then sent to the next stage. 
 
 
 
Figure 3 – New recycling platform scheme using mineral processing techniques with recycled concrete 
production. 
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2.2.3 Process with supplementary production of high-quality recycled concrete (second 
improved process) 
This process aims to further increase recycling rates, perhaps beyond 100% substitution of 
gravel. This process is developed for recycling or reusing the on-site materials to minimize 
the production of waste leaving the site. Additionally, the lower-density recycled sand may 
have applications in the manufacture of new cements or in public works applications with 
better binding properties, for example, their use a an additive (after re-grinding) during the 
production of concrete on site. In this study, we limit ourselves to studying how to sort 
recycled aggregates and the advantage of increasing the degree of substitution of aggregates at 
the site. 
This stage of sorting receives Light Recycled Aggreat  of low quality (density < 2.1 g/cm3) 
and the impurities of jig and sensor-based sorting. All granules are crushed at size < 4 mm to 
liberate mortar that is adhered to the sand fraction (0/4 mm). A gyratory crusher is highly 
efficient at releasing aggregates, but another typeof crusher can be used (PN Recybéton, 
2011). Next, the WOC beneficiates the fines from lower-quality RCA into two fractions of 
different densities. The first fraction, with density > 2.1 g/cm3, is sent to High-Quality 
Concrete Aggregate (RCA3). The second fraction from the WOC, with density < 2.1 g/cm3, is 
sent to improve terracing (Figure 4).  
This last stage is dedicated to increasing the quality of the products considered inferior, 
aiming at the production of top sands for high-quality concrete and earthworks. The 
advantages are a better concrete, more extended use of r cycled material, less cement 
consumption, or maybe better road aggregates. The reduction in sorting compared to the 
current process can save costs. It also means a reduction in the gypsum still present in the 
mixture, due to the replacement of picking belts. The disadvantages are the costs that will be 
discussed later. 
 
 
 
Figure 4 – Recycling production scheme for high-quality recycled concrete. 
 
 
The efficiency of air jigs is lower than that of the same type of process using water (water 
jigs). Air jigs have a higher feeding rate as a function of the equipment size because the 
particles settle in air faster than in water (Sampaio, 2005). This makes the investment and 
operational costs lower.  
The jig can be used primarily for the removal of a portion of the light particles (density < 2.1 
g/cm³), as a rougher stage.  The pre-concentrate (density > 2.1 g/cm³) will be treated in the 
sensor-based sorting. In this way, many of the low-density particles will be removed in the jig 
and the final concentrate will be quite pure. A major disadvantage of using air jigs for the 
treatment of fine particles is their low efficiency. Particles below 2 or 3 mm are treated with 
very low efficiency in air jigs. For these sizes, wet processes are always recommended. 
The choice of 2.1 g/cm³ as the cut-off point for the aggregate density is based on two points: 
the normal concrete density, which is between 2.0 g/cm³ and 2.6 g/cm³, and lightweight 
concrete, which has a density lower than 2.0 g/cm3, according to French Standard NF EN 
206-1 (EN 206, 2011).  
All the particles will be comminuted to under 4 mm (size of sands). In this last stage, a circuit 
of water-only cyclones was chosen, due to its versatility in gravity concentration as well as 
the size of the particles to be treated. Investment cos s for a WOC circuit are very low. When 
they are used in series of 2 or 3 units, they present notably good cut efficiencies. 
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3. Method of Comparison 
3.1 Relation between water absorption and the density of aggregates 
Water absorption and density values for fine and coarse aggregates of different types and 
sizes are shown in Figure 5 (adapted from Silva et al., 2004). The data represent 589 
aggregates of different types, sizes and origins, sourced from 116 publications. There is a 
relationship between water absorption and density, which is mainly due to the porosity of the 
material. As the porosity increases, water absorptin increases and density decreases. The 
polynomial regression curves have relatively high coefficients of determination (R2 = 0.878), 
which means there is a very strong correlation betwe n the two variables. Based on the data, 
Silva proposed an aggregate classification based partly on their composition but mostly on 
their physical properties. Additionally, the recycled aggregates for the proposed recycling 
plant, RCA1, RCA2 and RCA3, are indicated in Figure 5. It is relatively easy to obtain these 
products by changing the aggregate density cut-off p int. The porosity or density can be 
changed, and other products could be produced according to quality needs (or market needs). 
 
 
Figure 5 – Average polynomial curve for recycled agregates and their classification based on water 
absorption and density (adapted from Silva, 2014), indicating new recycled products (RCA1, RCA2 and 
RCA3).  
3.2 Method to fix the substitution rate for a given concrete application 
A standard formula is proposed (for example, Aggregat s = 1000 kg, Sand = 900 kg, Cement 
= 280 kg and Water = 180 kg), without recycled aggre ate, to allow an identical result for the 
RCA3 product (Figure 5). The substitution rate must be calculated on the entire aggregate 
(sand & gravel). There is currently no clear method t  predict differences in aggregate 
formulation when using similar aggregates with density and water absorption capacity 
variables (with different attached mortar contents). In a simplified way, an average level of 
absorption over the entire mixer was fixed (non-recycled gravel and recycled). This level of 
absorption helps to determine the gravel substitution rate in RCA1 and RCA2 products 
(Figure 5). The products are based on a typical concrete formulation and the density of a 
concrete mix can be calculated according to its proportions and densities: 
 





 ×−+××+




 ×−+××=
100
)100(
100100
)100(
100
CNACRACRACRAFNAFRAFRAFRA dsubstdsubstCAdsubstdsubstFAD
 
where 
D – Weighed density of concrete mixture; 
FA – Percentage of fine aggregates used in the mixture; 
CA - Percentage of coarse aggregates used in the mixture; 
substFRA – Replacement level (%) of fine natural aggregates with fine recycled aggregates; 
substCRA – Replacement level (%) of coarse natural aggregates with coarse recycled 
aggregates; 
dFRA – density of fine recycled aggregates; 
dFNA – density of fine natural aggregates; 
dCRA – density of coarse recycled aggregates; 
dCNA – density of coarse natural aggregates. 
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According to this equation, the replacement of natural aggregates with recycled aggregates 
generates a decrease in density when all other parameters remain constant. Using the 
formulation for aggregates from RCA3 concrete, it is first necessary to determine the 
substitution rate for gravel alone. Then, if the rate is 100%, it is possible to determine the rate 
of sand substitution. 
To solve the above equation, it is necessary to know the water absorption of recycled gravel 
and sand. These values are determined by taking into account the average density of the 
aggregates. This density is determined based on different densities (average curves), with the 
separation density levels chosen using methods 2 and 3. 
3.3 Price of transportation and taxes 
It is important to determine the transportation costs of aggregates or recycled materials from 
construction and demolition. The price of transportation, Pr, can be calculated as a function of 
distance, as follows: 
( ) wm
t
s
d
FCdVC /1
10
)(
Pr +×











 +
×+×=  
where 
Pr = price per tonnes (€/tons) 
VC = variable costs (€/tons) 
FC = fixed costs (€/day) 
d = distance (Km) 
w = weight per truck (tons) = 20 tons fixed 
t = time to charge and discharge (h) 
s = speed (Km/h) 
m = profit margin 
 
The costs of transport by truck can be related to the transport of virgin aggregates to 
construction sites or to the transport of CDW to recycling plants. The costs always have 
linearity with distance travelled (Figure 6). These results were obtained using a truck speed of 
63 km/h,  charge and discharge time of 2 h, fixed costs of 156.01 €/day, variable costs of 0.43 
€/km and a profit margin of 0.33.  
 
 
Figure 6 – Costs of aggregates transported by trucks in France  
 
Aggregate producers in France have posed some questions about transport costs, especially 
the indirect costs that are not clear in the current calculation. In fact, many other parameters 
should be incorporated in the costs table (Table 1), such as sanitary effects, overall pollution, 
environmental warming, noises, insecurity and infrastructure wear (DRE, Aquitaine 2004). 
 
 
Table 1- Importance of indirect costs to transport modes (Source [2014]: http://www.unicem.fr/). 
 
 
These indirect costs are associated with government taxes that could be higher based on the 
region or state. In the near future, a global vision of environmental impacts of aggregate 
transport by public and private parties will be necessary. 
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4. Results and Discussion  
4.1 Optimal substitution rate 
The estimation of the water absorption of recycled aggregates from sorting plants, based on 
the aggregate replacement rate, is presented in Figure 7. The average absorption and density 
of natural aggregates were considered to be 0.8% and 2650 kg/m³, respectively. This figure 
clearly shows that the treatment greatly improves the quality of recycled aggregates, easily 
changing the water absorption (and densities) of the products.  
According to the plant described (Figures 2, 3 and 4), the water absorption was 11.7% for 
RCA1, 7.0% for RCA2 and 3.6% for RCA3. Densities were 1900 kg/m3, 2085 kg/m3 and 
2210 kg/m3, respectively. 
 
 
Figure 7 – Estimation of water absorption of recycled aggregates RCA1, RCA2 and RCA3 obtained from 
treatment, based on the aggregate replacement rate. 
 
 
In Figure 8, water absorption and densities are plotted together. The polynomial curve 
described by Silva (Silva, 2004) was added to assure that the values are not so distant from 
reality. Using this graphic it is possible to find mixtures having 0% to 100%, natural or 
recycled aggregates respectively. In practice, the water absorption and density of desired 
products can be chosen. The percentages of aggregate mix ures can be achieved using a 
simple graphic method with a blending platform (see Figure 8). In this simple example, an 
aggregate with 4% water absorption and density of 2300 kg/m3 (point P) is produced. Many 
solutions are possible; however, it is not possible to reach a mixture of aggregates with 4% 
water absorption through only the use of RCA3 or natural aggregates. It is necessary to use 
RCA1 or RCA2, which is of lesser quality than RCA3 or natural aggregates. P' is a mixture 
between RCA3 and natural aggregate at 65% and 35%, respectively. The point P’ has 
approximately 2.6% water absorption and density of 2371 kg/m3. This pre-mixture should be 
mixed again with RCA1 (85% and 15%, respectively) to obtain P. This is an approximate 
method that makes it possible to estimate aggregate proportions in recycled concretes.  
 
 
Figure 8 – Range of recycled mixtures: graphic method used to obtain mixtures of recycled aggregates 
according to water absorption and densities.   
 
 
4.2 Increase in density and reduction in water absorption  
Figure 9 shows the possibility of increasing the quality of recycled aggregates with the use of 
a recycling plant. The probable gain in density or reduction in water absorption is linked with 
the percentages of replaced aggregates.  
If 50% of RCA1 were replaced by RCA2, the expected d nsity gain would be 4% (Figure 9a). 
On the other hand, if RCA1 were replaced by RCA3, the expected gain would be 8.4%. The 
same situation is shown for a reduction in water absorption in Figure 9b.  
The quality levels described in this analysis (i.e., l vels of density and water absorption) can 
be assured by fine adjustment of gravity concentration equipment, mainly by changing the 
cut-off grade. The mass balance and the metallurgical balance should be set after any 
adjustments.  
 
 
a) Gain in density 
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b) Reduction in water absorption 
 
Figure 9 – The potential gain in density and reduction in water absorption, based on aggregate 
replacement rates. 
 
 
 
Using the proposed method, the real possibility of quality improvement can be measured by 
the economic advantages obtained using the processing plant. In this context, the choice to 
improve or not improve sorting is related to the cost balance, including transport, distances 
and indirect costs. 
 
4.3 Acceptable cost limits for sorting equipment 
 
Studies to better understand the economic implications of the implementation and operation 
of a recycling plant have been conducted in several countries and have included sensitivity 
analyses. There is a high potential for profit in these endeavours, even considering the high 
initial investment requirements, which could indicate  clear alignment between the economic 
viability and environmental benefits resulting from these CDW recycling plants.  
It is assumed that there is a site that can use recycled concrete, especially of RCA1 quality. It 
was decided to change RCA1 to another recycled aggregate (for example, RCA2) using the 
recycling platform. As RCA2 is of higher quality than RCA1, there is an increase in the total 
volume of recycled aggregate, ∆ that can be used in the recycled concrete while maintaining 
the same quality. If RCA3 is used, there is another inc ease in the total volume of recycled 
concrete, ε, that can be used. The values of ∆ and ε were considered proportional to density 
gain, according to Figure 9a. The site studied is located 50 km from the quarry and 20 km 
from the discharge. For recycling in situ, a 2 km distance was considered for some 
displacements. 
The transport of aggregates is a major factor in the costs. The rate of recycling or the distance 
to the quarry were analysed to find tendencies involving these costs. The possibility of 
reducing costs using recycling plants can be viewed in Figure 10a, based on the percentage of 
replaced aggregates, and in Figure 10b, based on the distance to the quarry.  
For example, for a concrete that contains 50% recycl d aggregates, such as RCA1, if 100% of 
this recycled aggregate is replaced by RCA2, the expected transport cost reduction will be 
approximately 3.8% (Figure 10a). On the other hand, if 100% of RCA1 is replaced by RCA3, 
the expected reduction will be approximately 8.1%.  
The cost reduction is exponential with the substitution rate of the recycled material. 
Furthermore, transport costs decrease when recycled material with superior quality is 
prioritized. A similar example for transportation distances to the quarry is shown in Figure 
10b. In this case, the distance to the quarry has no importance for the reduction in transport 
costs. However, when recycled material with superior quality is prioritized, the transport costs 
are minimized. If the distance to the quarry is 50 km, it is possible to reduce transport costs by 
at least 3.8% when RCA1 is replaced by RCA2 and up to 8.2% when RCA3 is used.   
 
a) The cost reduction based on the aggregate substitu on rate 
b) The cost reduction based on distance to quarry 
 
Figure 10 – The transport cost reduction based on the aggregate substitution rate and distance to quarry. 
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4.4  Relationship between quality of material and their operating costs, investments and 
profitability 
 
The authors performed simulations of projected investm nts and costs for construction waste 
processing plants, targeting different recycled products, with increasing levels of final quality. 
Projections signalled to the following preliminary conclusions: 
- To obtain quality final of products is required an investment for RCA3 about 24% 
greater than RCA1 product, as well as the operating cost is about 27% higher; 
- In terms of productions level, to produce a product with better quality, the recycle  
installation should have a minimum production capacity of 120t/h (300 Kt/year); 
- In all cases must be counted with an entry charge at the plant a minimum price of 
$10.0/t of CDW. 
 
5. Conclusions and Perspectives 
The improvement of recycled concrete is the primary subject of this paper. The proposition is 
to increase the quality of recycled aggregates through supplementary use of widely used 
mineral processing techniques such as gravity concentration and sensor-based sorting, as 
alternatives to heat treatment.  
A sorting plant is proposed. Fine and coarse aggregates are treated. During all stages of the 
sorting process, it is possible to adjust the quality (density and water absorption) of recycled 
aggregates. An approximate graphic method has been us d to estimate proportions of mixed 
aggregates. 
The main advantage of recycling plants is the superior quality of the materials. It is possible to 
increase the rate of concrete recycling and save costs. Though the environmental costs were 
not determined through a life cycle impact assessment in this study, 50 km was used as a 
maximal distance to transport CDW (see De Schepper, 2014). 
The main disadvantage of recycling plants is the inv stment in sorting equipment. To obtain 
quality final of products is required an investment about 24% greater. Concerning productions 
level, the plants should have a minimum production capacity of 120t/h (300 Kt/year). Their 
maintenance was not evaluated in this study. However, th  gain in density and the reduction 
in water absorption were studied. In the study, replacing a lower-quality aggregate with 
another of medium quality, for instance replacing RCA1 with RCA2, leads to an expected 
density gain of approximately 4%. On the other hand, if RCA1 is replaced by RCA3 (superior 
quality), the expected gain will reach 8.4%. Consequently, there is a 34% reduction in water 
absorption. 
Cost reductions for transport and discharge were analysed according to the aggregate 
replacement rate and distance to quarry. The cost reduction is exponential with the 
substitution rate of recycled materials. Furthermore, there is a decrease in transport costs if the 
quality of recycled aggregates increases. If the reduction in transport costs when the quality of 
recycled aggregates increases is taken into account, the distance between demolition site and 
quarry is not important. Transport costs are minimized when recycled aggregates with 
superior quality are manufactured. These costs can decrease by at least 3.8% when lower 
quality aggregates (RCA1) are replaced by higher quality aggregates (RCA2), and up to 8.2% 
when the best recycled aggregates (RCA3) are used. 
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Table 1- Importance of indirect costs on transport modes (Source: http://www.unicem.fr/). 
Distance of 
transport 
Road Trail River 
50 km 120 km 120 km - 
Directs costs 4.0 to 4.5 €/ton 7.2 to 8.4 €/ton 6.6 to 7.8 €/ton 6.8 to 20.0 €/ton 
Indirect costs 1.3 to 5.8 €/ton 3.0 to 14.0 €/ton 0.7 to 2.6 €/ton 0.5 to 3.0 €/ton 
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a) Natural aggregate b) Middlings particles c) Mortar 
Figure 1 – Pictures of recycled aggregates (6-10 mm) taken from materials used by Recybéton 
national project in France. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 – Current advanced process in recycling platforms (Coelho A., et al., 2013, adapted) 
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Figure 3 – New scheme of recycling platform using mineral process techniques with recycled concrete 
production. 
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Figure 4 – Recycling production scheme for high-quality recycled concrete. 
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Figure 5 –Average polynomial curve of recycled aggregates and their classification based on water 
absorption and density (adapted from  Silva, 2014), indicating the new recycled products (RCA1, RCA2 
and RCA3).  
 
 
 
 
 
 
 
 
 
Figure 6 – Costs of aggregates transport by trucks in France  
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Figure 7 – Estimation of water absorption of recycled aggregates RCA1, RCA2 and RCA3 obtained from 
treatment, based on the aggregate replacement rate. 
 
 
 
 
Figure 8 – Range of recycled mixtures: graphic method used to obtain mixtures of recycled aggregates 
according to water absorption and densities.   
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a) Gain in density 
 
b) Reduction in water absorption 
 
Figure 9 – The potential gain in density and the reduction in water absorption, based on aggregate 
replacement rates. 
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a) The cost reduction based on the aggregate substitu on rate 
 
 
b) The cost reduction based on distance to quarry 
 
Figure 10 – The transport cost reduction based on the aggregate substitution rate and distance to quarry. 
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